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ABSTRACT 


Body size is one of the features that distinguish one species from another in the biological world. Animals have developed mechanisms to 
control their body size during normal development. However, how animals cope with genetic alterations and/or environmental stresses to 
develop into normal-sized adults remain poorly understood. The ability of the animals to develop into a normal-sized adult after the 
challenges of genetic alterations and/or environmental stresses reveals a robustness of body size control. Here we show that the mutation 
of dGPAT4, a de novo synthase of lysophosphatidic acid, is a genetic alteration that triggers such a robust response of the animals to body 
size challenges in Drosophila. Loss of dGPAT4 leads to a severe delay of development, slow growth and resultant small-sized animals 
during the larval stages, but results in normal-sized adult flies. The robust body size adjustment of the dGPAT4 mutant is likely achieved 
by corresponding changes in ecdysone and insulin signaling, which is also manifested by compromised food intake. Thus, we propose that 
a strategy has been evolved by the animals to reach final body size when challenged by genetic alterations, which requires the coordinated 


ecdysone and insulin signaling. 
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INTRODUCTION 


Body size is one of the most remarkable features of all or- 
ganisms. The control of the final body size of an individual is 
associated with two aspects: the growth rate during a given 
developmental time period and the growth duration 
(Shingleton, 2005; Mirth and Shingleton, 2012). Genetic and 
environmental alterations that affect the growth rate and 
growth duration may contribute to the final body size, such 
as nutrients, temperature and altered genetic background 
(Mirth and Shingleton, 2012). The genetic control of body 
size by regulators and pathways has been well documented, 
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loss of function of which will lead to body size changes 
(Mirth and Shingleton, 2012). Mutations of the insulin re- 
ceptor InR, the kinases (PI3K, Akt or Tor), and the down- 
stream effectors (S6K or eJF4E) of the insulin signaling 
pathway all lead to a reduction of the body size (Liu et al., 
1993; Sutter et al., 2007). However, the genetic and envi- 
ronmental alterations do not always change the final body 
size of individuals, for example, damaged organ/tissue or the 
Ceng] mutation (Gundner et al., 2014) does not lead to any 
final body size changes. It remains poorly understood how 
normal final body size is achieved when the animals are 
challenged with certain genetic or environmental alterations 
during development. 

To finally ensure a proper body size, the robustness of body 
size control plays an important role in “correcting” the effects 
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caused by genetic or environmental alterations. A perturbed 
wing disc in Drosophila would slow down the growth of other 
discs and the whole body, presumably allowing enough time 
for the damaged disc to repair (Simpson et al., 1980; Stieper 
et al., 2008; Halme et al., 2010). During this repair process, 
ecdysone signaling is considered to be the limiting factor 
ensuring a normal final body size (Stieper et al., 2008). Other 
studies show that perturbed wing discs secrete dilp8, an 
insulin-like peptide, inhibiting ecdysone biosynthesis and 
slowing down the growth of other tissues (Colombani et al., 
2012; Garelli et al., 2012). Consistently, loss of dilp& has 
been shown to result in large variation of body size and 
maturation time in Drosophila (Colombani et al., 2012; Garelli 
et al., 2012). 

Genetic alterations have also been reported to produce 
normal-sized adults with changes in developmental timing 
(Mirth and Shingleton, 2012). Loss of Ceng] results in 
normal-sized adult flies with moderate delay of the second 
instar larval stage in Drosophila (Gundner et al., 2014). The 
expression of ecdysone is reduced in the Ceng/ mutant, pre- 
sumably explaining the extension of developmental time 
(Gundner et al., 2014). However, the underlying mechanism 
remains unclear. Thus, it is important to find more such mu- 
tations, which may help to eventually elucidate how the 
robustness of the body size control is achieved under certain 
genetic and/or environmental alterations. 

Lysophosphatidic acid (LPA), consisting of a glycerol 
backbone, a fatty acyl chain and a free phosphate group, is one 
of the important phospholipids for animal development, and is 
considered as a lipid mediator (Athenstaedt and Daum, 1999). 
LPA has been reported to be involved in diverse biological 
processes, such as cellular proliferation, cell migration, neu- 
rogenesis, reproductive functions, fat metabolism and tissue 
remodeling (Mills and Moolenaar, 2003; Aoki et al., 2008; 
Yao and Rock, 2013). There are three possible paths to pro- 
duce LPA: de novo synthesis from a glycerol-3-phosphate by 
glycerol-3-phosphateacyltransferases (GPATs), recycling syn- 
thesis from phospholipids by phospholipases, and uptake from 
foods (Aoki et al., 2008; Yao and Rock, 2013). Here we report 
that loss of dGPAT4, one of the de novo synthases of LPA in 
Drosophila, triggers a robust body size readjustment. Loss of 
dGPAT4 causes a severe delay of development, exhibiting a 
small-sized animal at the larval stages, but resulting in a 
normal-sized adult. We show that the robustness of body size 
control in dGPAT4 mutants is likely achieved by a reduction of 
ecdysone signaling and an increase of insulin resistance, 
consequently compromising the food intake of mutant 
animals. 


RESULTS 


Loss of dGPAT4 causes severe delay of development of 
Drosophila larvae 


To explore whether de novo LPA synthesis plays a role in the 
development of Drosophila, we searched the genome of 
Drosophila melanogaster for possible homolog(s) of human 


glycerol-3-phosphate O-acyltransferase (hGPAT) family. 
Four Drosophila homologous genes that may encode GPAT 
were identified: ©CG5508/minotaur, dGPAT4/CG3209, 
CG15450 and CG4625/Dhap-at. CG5508/minotaur, which 
exhibits high sequence identity with hGPAT1 (33%), has 
been reported to be involved in primary piRNA biogenesis 
(Vagin et al., 2013). CG4625/Dhap-at, which exhibits rela- 
tively lower sequence identity with the hGPAT family (24%), 
is involved in peroxisome biogenesis (Faust et al., 2012). 
dGPAT4/CG3209 and CGI15450, which exhibit high 
sequence identity with hGPAT4 (56% and 42%, respec- 
tively), encode proteins that have been reported to be located 
on the surface of lipid droplets (LDs) and to be associated 
with LD turnover in Drosophila S2 cells (Wilfling et al., 
2013). However, it is unknown whether these GPATs are 
important for Drosophila development. To this end, we 
generated mutant flies of one of these GPAT family mem- 
bers, dGPAT4/CG3209 (Fig. S1) by using CRSPR/Cas9- 
mediated mutagenesis (Wei et al., 2013; Yu et al., 2013, 
2014). 

Homozygous dGPAT4”! (bearing 2 bp deletion in the 
second exon) mutant flies displayed a semi-lethal phenotype: 
86.3% of the homozygous mutant embryos were not able to 
develop into the larval stages (Fig. S2A), while about 14% of 
embryos survived to the larval stages. Very interestingly, 
nearly all the surviving animals that entered the larval stages 
developed into adults (Fig. 1C). 

We carefully compared the developmental stages of 
dGPAT4' mutant larvae and the control larvae. For the 
dGPAT4*' mutant larvae, it took about eight days to pupate from 
Ist instar larvae, whereas for the control larvae, it normally took 
five days (Fig. 1A). The mutant larval body size was smaller than 
that of the control larvae at the same developmental time 
(Fig. 1B). The fact that the survival rate of dGPAT4”! mutant 
larvae showed little difference compared to the control (Fig. 1C) 
implies that dGPAT4 is dispensable for development after the 
transition from embryos to Ist instar larvae (Fig. 1C). To confirm 
that the semi-lethal and developmental delay phenotypes were 
caused by loss of dGPAT4, we examined phenotypes of the other 
two independent alleles from the CRISPR/Cas9 targeting 
experiment, dGPAT4”? that bears a 1 bp deletion in the second 
exon and dGPAT4’° allele that bears a 18 bp deletion in the 
second exon. dGPAT4” showed similar semi-lethality and severe 
developmental delay as dGPAT4*"', whereas dGPAT4’°? did not 
show any detectable difference compared with the control 
(Fig. S2). These results indicate that dGPAT4*’ and dGPAT4? 
mutations, which cause a frame shift of the dGPAT4 coding 
sequence of the second exon, resulted in the loss of function of 
dGPAT4, whereas dGPAT4'™ with a 6 amino acid deletion likely 
did not affect the normal function of dGPAT4. This conclusion 
was also confirmed by the following experiments: we examined 
survival rate and pupation rate of dGPAT4*'/dGPAT4”? and 
dGPAT4*'/dGPA4'°*  trans-heterozygous flies. dGPAT4?"/ 
dGPAT4? trans-heterozygous flies showed semi-lethality and 
severe developmental delay phenotypes similar to that of the 
dGPAT#! mutant, whereas dGPAT4""/dGPA4'? trans- 
heterozygous flies did not show any detectable phenotypes. 
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Fig. 1. Loss of dGPAT4 causes severe delay of developmental timing in Drosophila larvae. 

A: Developmental timing of larval stages in control (yw; dGPAT4*!/CyO, Kr-GFP) and dGPAT4*' mutant (yw; dGPAT4?"). AED, after egg deposition. B: Relative 
larval volume of control (yw; dGPAT4!/CyO, Kr-GFP) and dGPAT4' mutant (yw; dGPAT4") at different developmental timing points. The larval volume is 
calculated by the formula: Volume = 4/3 x (D/2)*x(L/2), D, diameter; L, length. The larval volume is normalized to the volume of 24 h control larvae. C: Survival 
rate of control (yw; dGPAT4!/CyO, Kr-GFP) and dGPAT4*' mutant (yw; dGPAT4") from 1st instar larvae to pupae. D: Transition rate of the control (yw; 
dGPAT47!/CyO, Kr-GFP) and the dGPAT4! mutants (yw; dGPAT4"! ) from Ist instar larvae to 2nd instar larvae (L1/L2, black), 2nd instar larvae to 3rd instar 
larvae (L2/L3, orange) and 3rd instar larvae to pre-pupae (L3/P, green). Error bars represent + SEM. 


The normal developmental period of a wild type Drosophila 
larva consists of three transitions: the first transition occurs with 
moulting about 24 h after the Ist instar larva is hatched (L1/L2); 
the second transition occurs with moulting about 24 h after the 
2nd instar larva is hatched (L2/L3); and the third occurs with 
pupation about 48 h after the 3rd instar larva is hatched (L3/P). 
To know when the developmental delay precisely occurs in 
dGPAT4?' mutant larvae, we examined the transition rates of the 
three moulting processes. The transition rate and duration of the 
L1/L2 transition displayed little difference between the mutants 
and the control (Fig. 1D), which is consistent with the obser- 
vation that there was little difference in larval body size between 
the Ist instar mutants and the control larvae (Fig. 1A and B). 
However, periods of the L2/L3 and L3/P transitions were 
delayed 1.1 days and 2.3 days, respectively (Fig. 1D). All these 
data indicate that dGPAT4 has a pivotal role in controlling 
developmental timing. 


The adult body size and fat storage remain little changed 
in dGPAT4 mutants 


We next assessed whether the body or organ size would be 
changed in dGPAT47’ mutants. Interestingly, the body size of 


adult flies showed little change between the mutants and the 
control (Fig. 2A and A’). Consistent with this observation, the 
organ size and morphology, such as the eye (Fig. 2B and B’) 
and the wing (Fig. 2C and C’), displayed little difference 
between the mutants and the control. These results suggest that 
the normal final body/organ size is accomplished in dGPAT4 
mutants although the developmental time is noticeably 
extended. 

As GPAT4 has been reported to be involved in LD 
turnover in a Drosophila S2 cell line (Wilfling et al., 2013), 
we examined the fat body of wandering larvae and 
immature adults for the cumulative LD area in dGPAT4 
mutants. The results showed that dGPAT4 mutants had 
similar LD area values to that of the control (Fig. 2D—F). 
Consistently, the TAG levels were also similar between 
the mutants and the control (Fig. 2G), further supporting 
that dGPAT4 is dispensable for fat storage in Drosophila. 
These data indicate that in dGPAT4 mutants, the normal 
final body size can be reached even though the develop- 
mental time is significantly extended, suggesting that there 
exists a strategy for the mutants to adjust the final body 
size to a normal level upon the genetic alteration of 
dGPAT4. 
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Fig. 2. The final body size and fat storage reveal no obvious changes in dGPAT4 mutant. 

A-C: The morphology and size of the adults (A), eyes (B) and wings (C) of the control (yw) and dGPAT4?! mutants (yw; dGPAT4?"). A’: Adult body weight in A; 
B’ and C’: Statistic area of eye and wing in B and C, respectively. All the areas are normalized to control. D and E: Lipid droplet (LD) staining of fat body in 
wandering larvae (D) and immature adult flies (E). Dashed lines mark the cell boundaries. Control: yw; dGPAT4"!/CyO, Kr-GFP, and dGPAT4! mutant: yw; 
dGPAT4"'!, BODIPY (green) stains for LD, Phalloidin (red) stains for F-actin. F: Quantification of cumulative LD areas per fat body cell in D and E. All the 
cumulative LD areas are normalized to control. G: Triglyceride (TAG) level of wandering larvae and immature adult in control (yw; dGPAT4?!/CyO, Kr-GFP) and 
dGPAT4”" mutant (yw; dGPAT4”'). TAG level is normalized to the amount of protein. X-axis represents TAG/protein (mg/mg). Error bars represent + SEM; n.s, 


no significant difference. 


dGPAT4 mutants exhibit delayed ecdysone signaling and 
increased insulin resistance 


We next investigated how the dGPAT4 mutant animals coor- 
dinate the developmental programs to reach a normal final 
adult body size. To address this question, we first tested 
whether the developmental delay was due to impaired ecdy- 
sone signaling, since ecdysone has been considered to be a 
pivotal hormone that controls the development timing in 
Drosophila (Colombani et al., 2005; Layalle et al., 2008; 
Tennessen and Thummel, 2011). As shown in Fig. 3A, 
mRNA levels of the target genes of ecdysone signaling, such 
as transcription factors E74A, E74B and E75B, were reduced 
in dGPAT4 mutants compared to the control. The mRNA level 
of dMyc, which has been reported to negatively respond to the 
ecdysone signal, was increased. These results indicate that in 
dGPAT4 mutants, the ecdysone signaling is compromised. To 
further verify this observation, we examined the mRNA level 
of E75B in dGPAT4 mutants and the control larvae at different 
stages (Figs. 3B and S3). Consistent with previous reports 
(Shingleton, 2005), in control animals the mRNA level of 


E75B reaches two small peaks between 44 h and 102 h, and 
the highest peak during the late 3rd instar larval stage, at 
around 110 h. However, in dGPAT4 mutants, the highest peak 
of E75B mRNA level appeared after 150 h (Fig. 3B). The fact 
that the highest peak level of E75B mRNA in dGPAT4 mutants 
was similar to that of the control may explain why the pupa- 
tion rate had little difference between the mutants and the 
control (Fig. 1C). These results suggest that the dGPAT4 
mutants may have readjusted their developmental program by 
modulating the ecdysone signaling. 

Reduced ecdysone signaling has been reported to increase 
the final body size in Drosophila through accelerating the 
growth rate or extending the duration of development 
(Colombani et al., 2005; Layalle et al., 2008; Tennessen and 
Thummel, 2011). According to this scenario, the reduced 
ecdysone signal in dGPAT4 mutants may have been respon- 
sible for the remarkable extension of developmental time; 
however, it is still not clear why final body/organ size did not 
change. Since the dGPAT4 mutants showed increased growth 
duration but unchanged final body size, we predicted that the 
growth rate of the mutant animals might have decreased. To 
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Fig. 3. dGPAT4 mutant shows delayed peaks of ecdysone signaling and increased insulin resistance. 

A: The mRNA levels of the ecdysone signaling pathway reporters (E74A, E74B and E75B), receptor (EcR), upstream factor (PTTH ) and downstream factor (dMyc) 
detected by quantitative PCR in 96 h control and dGPAT4*! mutant larva. Control: yw; dGPAT4?!/CyO, Kr-GFP, and dGPAT4! mutant: yw; dGPAT4*". B: The 
mRNA level of E75B detected by quantitative PCR at different developmental time points. The relative mRNA levels are normalized to mRNA levels of 44 h 
control larva. C: The mRNA levels of the insulin signaling pathway ligands (dilp2, dilp3 and dilp5), receptor (InR) and effectors (4E-BP, dS6K and elF4E) 
detected by quantitative PCR. D: Akt phosphorylation level after insulin treatment (10 pg/mL, 15 min) detected by Western blotting. S505 phosphorylation of Akt 
was detected by antibody D9E. Total Akt and B-tubulin were used as loading controls. Error bars represent + SEM. **, P < 0.01; *, P < 0.05; n.s, no significant 


difference. 


this end, we carefully examined the expression of insulin 
pathway genes in dGPAT4 mutants. The mRNA level of 
elF4E, a target of the insulin pathway, was significantly 
decreased in dGPAT4 mutants (Fig. 3C), whereas the mRNA 
level of 4E-BP, a negative target of the insulin pathway, was 
increased. These results indicate that insulin signaling has 
been reduced in dGPAT4 mutants. However, the mRNA 
levels of dilp2 and dilp3, two important ligands of the insulin 
pathway, were increased in the mutants, implying that the 
insulin signals are increased. This contradiction may be 
explained by that the mutants exhibit insulin resistance. To 
test this hypothesis, we examined the activity of insulin 
signaling after an addition of insulin. The phosphorylation 
level of Akt, an indicator of insulin pathway activity, was 
remarkably increased in the control larvae, whereas the in- 
crease of the phosphorylation level of Akt was significantly 
reduced in dGPAT4 mutants (Fig. 3D), suggesting that loss of 
dGPAT4 leads to insulin resistance during development. 


Loss of dGPAT4 suppresses the rate of food intake 


Body growth is tightly associated with nutrient status and 
nutrient demand in all organisms (Shingleton, 2005; Mirth 
and Shingleton, 2012; Callier and Nijhout, 2013). It is 
known that at a similar nutrient demand, a high level of nu- 
trients would promote organismal growth whereas a low level 
of nutrients would limit organismal growth (Shingleton, 
2005; Mirth and Shingleton, 2012; Callier and Nijhout, 


2013). It is also known that at a similar nutrient level, the 
nutrient demand is connected to the physiological and genetic 
conditions of the organism. For example, the early instar 
larvae need more nutrients for growth whereas the wandering 
larvae do not need as much (Mirth and Shingleton, 2012). 
Genetic manipulations, such as a decrease of neuronal ac- 
tivity, can change the nutrient demand of an animal (Bjordal 
et al., 2014). It is possible that the nutrient demand might 
have been altered for the dGPAT4 mutants. To address this 
question, we fed the dGPAT4 mutants and the control larvae 
blue dye food, followed by an examination of food intake. As 
shown in Fig. 4A and B, food intake was greater during the 
early larval stages and was reduced during the wandering 
stage for control animals. In contrast, the food intake for the 
dGPAT4 mutants was less than the control during the 2nd 
instar larval stage, and was similar for the early 3rd instar 
larvae, whereas more food intake was detected for the mu- 
tants than the control at the wandering stage. 

To further investigate whether this food intake difference 
between the mutants and the control animals was caused by 
the altered intake rate or intake capacity, we examined food 
intake of mutant animals (144 h) and control animals (84 h) 
with similar body size. It took about 45 min for the control 
larvae to reach a peak of food intake whereas to reach the same 
peak, the mutants needed 180 min (Fig. 4C). The difference in 
time was not due to locomotion because there was little dif- 
ference detected in locomotion activity between the mutants 
and the control (Fig. 4D). These results indicate that loss of 
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A: The food intake (45 min) of control and dGPAT4”’ mutant larvae at different developmental time points. 1.5% (w/v) blue dye was added in the normal food. 
Control: yw; dGPAT4!/CyO, Kr-GFP, and dGPAT4”' mutant: yw; dGPAT47!. B: OD¢30nm Of control and dGPAT4”! mutant larvae in A. C: OD¢30nm Of 96 h control 
larvae and 114 h dGPAT4?! mutant larvae fed with blue dye food for different time points. 96 h control larvae and 114 h dGPAT4*! mutant larvae showed similar 
volume after 180 min of food intake. D: Locomotor activity of 96 h control larvae and 114 h dGPAT4#”' mutant larvae. Error bars represent + SEM; n.s, no 


significant difference. 


dGPAT4 reduces the rate of food intake during early larval 
stages. This reduced food intake is consistent with the obser- 
vations of decreased insulin signaling and prolonged devel- 
opmental time, which is in principle essential for ensuring 
normal-sized adults by the robust readjustment of develop- 
mental programs. 


DISCUSSION 


Robust developmental programs to control final body size are 
critical for animals to survive a variety of stresses, particularly 
those genetic and/or environmental alterations that affect the 
body size during development. In this study, we show that a 
genetic alteration, the mutation of dGPAT4 in Drosophila, 
causes small-sized animals during early larval stages, but re- 
sults in normal-sized adults. This readjustment of body size is 
associated with a remarkable extension of development time, 
and the robustness of the adjustment is dependent on reduced 
ecdysone signaling and comprised insulin pathway activity. 
The ecdysone signal and the insulin signal are critical sig- 
nals that control growth duration and growth rate, respectively 
(Shingleton, 2005; Mirth and Shingleton, 2012; Callier and 
Nijhout, 2013). It is thus possible that the robust body size 
control depends on the coordinated action of these signals to 
ensure the development of normal-sized adults. Supporting this 
hypothesis, we present lines of evidence that both the ecdysone 
signal and the insulin signal were readjusted to a new level in 


the dGPAT4 mutant animals as compared to the control. 
However, it is still not clear how the larvae sense the mutation 
of dGPAT4. It is possible that loss of, or a reduction of, LPA 
might be the key. LPA is a lipid mediator and binds to its G- 
protein-coupled receptors, activating diverse downstream ef- 
fectors, such as the PI3K/Akt pathway, the Ras/ERK pathway 
and the RHO/RAC pathway (Mills and Moolenaar, 2003). 
Thus, it is possible that one of the pathways acts as the sensing 
system to transduce the alteration of dGPAT4 to a cellular 
response system. The altered insulin signaling in dGPAT4 
mutants might be the sensing system, together with some un- 
known factors to link LPA levels and the insulin signaling 
pathway. 

Taken together, our findings indicate that robustness of 
body size in the dGPAT4 mutant is achieved by the coordi- 
nation of ecdysone signaling with insulin signaling and com- 
promises of food intake. Our study highlights insulin signaling 
as both a sensing system and a responding system in main- 
taining robustness of final body size when challenged by ge- 
netic alterations. 


MATERIALS AND METHODS 
Fly strains and husbandry 


All flies were raised on standard cornmeal food with yeast at 
25°C. The dGPAT4*' mutant was made using the CRISPR/ 
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Cas9 method (Wei et al., 2013; Yu et al., 2013, 2014). The 
gRNA target sequence (CCAGGGACGCGG- 
TACTCCTGCCC) is located at the second exon of dGPAT4. 
gRNA and Cas9 mRNA were injected into embryos of yw, 
hatched flies were crossed with balancers and their offspring 
were characterized by sequencing. 


LD staining and quantification 


For LD staining of the fat body in wandering larvae (114 h) 
and immature adults (one day after hatching), fat bodies were 
fixed in 4% paraformaldehyde in PBS for 40 min at room 
temperature. After rinsing three times in | x PBS, tissues 
were incubated for 30 min in BODIPY 493/503 (Invitrogen, 
USA) or Phalloidin (Invitrogen). For quantitative analysis of 
cumulative LD area, twenty fat body cells from ten larvae 
were analyzed by Nikon BR3.0 software. LD areas, which 
were normalized to the areas of fat cells, were autonomously 
recognized with an intensity threshold. 


TAG measurements 


TAG level was determined in ten harvested larvae as pre- 
viously described (Bi et al., 2012, 2014). Samples were 
collected in 150 uL PBST (PBS with 0.05% Tween 20), 
incubated at 70°C for 10 min before centrifuging at 
12,000 r/min for 5 min. TAG levels in the supernatants were 
measured with a Glyceride determination kit (Sigma, USA). 
The relative glyceride level was normalized to protein level. 


Quantitative real time PCR 


Total RNA was prepared from larvae at different develop- 
mental stages, then used for reverse transcription. Quantitative 
real time PCR was performed using the EVA green PCR kit 
(Tiangen, China) and the data were analyzed with Opticon 
Monitor 2 software. rp49 was used as the normalization 
reference. The details of the qPCR primers used in this study 
are shown in Table S1. 


Insulin resistance assay 


Twenty larvae with indicated genotypes were harvested and 
cut from the dorsal cuticle, then incubated for 15 min in 
1 x PBS added with 10 ug/mL insulin. For the control group, 
larvae were incubated for 15 min in | x PBS without insulin. 
The treated larvae were then used for Western blotting. 


Western blotting 


Larval samples were ground in the TENT buffer (50 mmol/L 
Tris-HCl, pH 7.5; 5 mmol/L EDTA, 150 mmol/L NaCl, 1% 
Triton X-100) with protease inhibitor (cocktail, Sigma). After 
centrifugation, the supernatant of samples were boiled for 
Western blotting using rabbit anti-phospho Akt antibody D9E 
(1:1000, Cell signaling, USA), rabbit anti-Akt antibody 


(1:1000, Cell signaling) and mouse anti-B-tubulin (1:1000, 
Co-Win, China). 


OD determination of blue dye food feeding 
Larvae fed with food containing 1.5% (w/v) blue dye (Sigma) 
were harvested and then ground in water. After centrifugation, 
the supernatants were analyzed by _ spectrophotometer 
(630 nm). Two duplicates were carried out. 


Statistical analysis 


All data were analyzed with GraphPad and the P values were 
calculated with Student’s t-test, shown as mean + SEM. 
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SUPPLEMENTARY DATA 


Table S1 Primer list for quantitative PCR. 

Fig. S1 Characterization of dGPAT4 mutant flies. 

Fig. S2 Survival rate and pupation rate of dGPAT4 mutants. 
Fig. S3 Quantitative PCR of reference genes showing no ex- 
pression difference between the control and dGPAT4 mutants. 
Supplementary data related to this article can be found at 
http://dx.doi.org/10.1016/j.jgg.2015.06.008. 
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